Abstract. We consider a two-echelon supply chain network with one centralized warehouse and a set of ports, in which the sea cargo ports offer such kind of service that allows the in-transit inventory to stay in their ports for free for a certain time period. In the replenishment of the warehouse and ports, we take into account of the free storage period to minimize the two-echelon inventory cost. Focusing on stationary and integer-ratio policies, we formulate this problem as a mathematical model with a convex objective function and a set of integer-ratio constraints. We present an algorithm to solve the corresponding relaxed problem in ‫݈݃݊(ܱ‬ ݊) time, and prove that the objective function value of the relaxed problem (relaxing the integer-ratio constraints) is a lower bound on the average cost of all feasible policies (containing dynamic policies).Then we construct a stationary and integer-ratio inventory policy, i.e., the power-of-two policy, via the solution of the relaxed problem, and we also prove the optimality of the power-of-two policy.
Introduction
With the growth of international trade and regional economic, waterborne transportation is developed rapidly. According to United Nations Conference on Trade and Development, the world seaborne trade reaches a new record in 2011, with a total volume of 8.7 billion tons. In China, the Cargo Volume for the domestic waterways transportation is up to 4.2 billion tons in 2011. Increase in waterborne trade worldwide has led to the similar trends in the development of ports. In 2011, the world container port throughput increases by 5.9 per cent to 572.8 million TEUs (20-foot equivalent units).The above data shows that waterborne transportation plays an increasingly important role in the global and regional economic. Today, waterborne transportation has been improved by the modern technology on the ship and the investment on port infrastructures, and compared with air and road transportation, waterborne transportation is regarded as cheap, safe, and clean transportation mode. Therefore, more and more companies distribute their product by waterways.
It is a common practice that nowadays many sea cargo terminals/ports can offer such kind of service, which is to allow the distributors' in-transit inventory to stay in their terminals/ports for free for a certain time period. To take the advantage of this free storage period, the distributors should take into account of free storage periods to better coordinate their warehouse-terminal inventory replenishment activities to minimize the two-echelon inventory costs. To best of our knowledge, the literature on studying the impact of free storage periods on the inventory management is rare. Asperen and Dekker (2013) study the impact of free storage periods on the choice of port via case studies. Ochtman et al. (2004) and Dekker et al. (2009) refer the inventory stayed in the transfer station of multi-modal transport for free for a period of time as floating stock, and study the impact of floating stock on the inventory management. It qualitatively analyzes four different distribution strategies on a conceptual model and shows that the new concept may lead to lower storage costs and a shorter ordering lead time. Furthermore, it uses a real case study to support their findings. Pourakbar et al. (2009) discuss the applications of the floating stock distribution concept in the fast moving retail supply chain. In this paper, we consider a two-echelon supply chain network with one centralized warehouse and a set of ports, in which the sea cargo ports offer such kind of service that allows the in-transit inventory to stay in their ports for free for a certain time period, and study the inventory problem for one warehouse multi-port systems with free storage periods.
Model Formulation and Its Solution
We consider a distribution system with a single plant and ܰ terminals. A single commodity is produced in this plant and stored in the factory storage center. The plant serves a set of terminals, denoted byܴ, where ܴ = {1,2, ⋯ , ܰ}. Each terminal gets its inventory replenishment from the plant and the inventory can stay for free in this terminal ݅ for the initial‫ݐ‬ days for each݅ ∈ ܴ. We can view the factory storage center as aware house and each terminal ݅ ∈ ܴ as aretailer. We useℎ and‫ܭ‬ to denote the holding cost rate and the fixed ordering cost at the warehouse. For each retailer݅ ∈ ܴ, the corresponding holding and ordering cost parameters are given by ℎ and ‫ܭ‬ . The constant demand rate incurred by retailer݅isλ . For ease of exposition, we assumeℎ ≤ ℎ , ݅ ∈ ܴ. The holding cost rate at warehouse is no more than those at retailers, which is practically reasonable (cf. Roundy, 1985) . In fact, the extension of this problem to allow ℎ > ℎ is not much harder. Delivery of orders is assumed to be instantaneous. The objective is to determine an inventory replenishment policy for the warehouse and the retailers that minimizes the long-run average system-wide ordering and holding costs over an infinite time horizon. The optimal policy for this problem is unknown and the optimal policy might be very complicated. Thus, we focus on stationary inventory control policy for the system. Such a policy can be characterized by an (ܰ + 1)-tuple (ܶ ܶ ଵ , ⋯ , ܶ ே : ݅ ∈ ܴ ∪ {0}), whereܶ is the reorder interval at the warehouse and ܶ is that at retailer݅,݅ ∈ ܴ. By focusing on stationary integer-ratio policies, we can formulate the problem as follows:
(1) The relaxed problem becomes: (2) We should note that our notations are slightly different from what Roundy (1985) used in his paper in which he uses the notion of echelon holding cost ‫ܪ‬ = ‫ܪ‬ − ‫ܪ‬ in his formulation.
We note that the holding cost of the floating stock is always zero. Therefore, we want to keep as many floating stock in the system as possible or equivalently we can say we want to utilize the holding cost free time period ‫ݐ‬ as long as possible. The , and this set of retailers is denoted by ‫.ܮ‬ , and this set of retailers is denoted by ‫.ܧ‬ From Theorem 1, we get the following corollary. Corollary 1. No matter how much ‫ݐ‬ is, the optimal distribution strategy will always force the inventories to stay at each terminal ݅ for some time longer than ‫ݐ‬ .
For any retailer ݅, let us define:
.
Theorem 1 gives rise to the following algorithm to tackle formulation (2).
Algorithm I.
Step Step 3: Go to Step 2 till it reaches the last interval. The value of ܶ , ܶ corresponding to ܼ * is the optimal reorder interval of the warehouse and retailer݅ respectively. We get at most 2ܰ + 1 intervals along the line in Step 1. Note that as long as ܶ * falls within any interval, we have enough information to determine for all ݅ ∈ ܴ, whether ݅ ∈ ‫,ܩ‬ ‫,ܧ‬ ‫.ܮ‬ We also note that by construction of the intervals, none of the values in ܶ ீ , ܶ , ݅ ∈ ܴ will fall in the interval (ܽ, ܾ). Hence ‫ܩ‬ ∪ ‫ܧ‬ ∪ ‫ܮ‬ = ܴ.
Step 1 requires a sorting operation for ܱ(ܰ) values, which requires ‫݈݃ܰ(ܱ‬ ܰ) comparisons. The number of operations in Step 2 and Step 3 can be performed in ܱ(ܰ)operations, which is dominated by the number of operations in Step 1. Thus we have: Theorem 2. The computational complexity of the OWMR problem with floating stock is ‫݈݃ܰ(ܱ‬ ܰ). Theorem 3. The minimum cost ܼ * is a lower bound on the average cost of any feasible inventory control policy (possibly dynamic). Next, we build a power-of-two (POT) policy, which is a power of two multiple of the base ordering period, and prove the optimality of the POT policy we built. In practice, the POT policy has more advantages on reducing cost and enhancing practicability (Muckstadt and Roundy 1993; Muckstadt and Sapra 2010) . If the free storage period ‫ݐ‬ satisfies the condition: ‫ݐ‬ ≤ ඥ2‫ܭ‬ λ ℎ ⁄ , ݅ ∈ ܴ, we have the following theorem. Theorem 4. Let ‫ܥ‬ * denote the optimal inventory cost for the OWMR system with free storage period and ‫ݐ‬ = 2 ܶ , ݅ ∈ ܴ, where ‫ݍ‬ is an non-negative integer and ܶ is a fixed base period. Formulation (2) approximates the optimal solution value ‫ܥ‬ * to 83% accuracy, i.e., ܼ * ≤ ‫ܥ‬ * ≤ 1.20ܼ * .
Conclusions
In this paper, we consider the inventory replenishment problem for the one warehouse multi-port system, in which the port allows the in-transit inventory to stay in their port for free for a certain time period. For the stationary inventory control policy, we formulate this inventory problem as an optimization model with a convex objective function and a set of integer-ratio constraints. In order to solve the model, we first drop the integer-ratio constraints and solve the relaxed problem to optimality. Then we build a integer-ratio policy, namely power-of-two policies, based the solution of the relaxed problem. We also prove that the optimality of the power-of-two policy is 83% under the restrictions on free storage periods.
